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摘  要
         
         
纳米药物因其在靶向给药、药物缓控释、提高难溶性药物与多肽药物的生物
利用度、降低药物毒副作用等方面显示出的良好应用前景，而成为21 世纪生物
医学领域的重要发展方向。纳米药物的载体包括高分子纳米颗粒、脂质纳米颗粒、
无机纳米颗粒、病毒类纳米颗粒等，其中以磷脂为主要骨架基元的脂质纳米药物
（主要包括脂质体、实心脂质纳米粒、磷脂胶束和细胞分泌囊泡等）具有良好的
稳定性、优异的载药量和生物相容性，是目前临床上最受认可的载药系统。
为了加快脂质纳米药物的研发进程并保障临床应用的药效，必须对纳米颗粒
的粒径及其分布、颗粒浓度、药物包封率、载药量、表面配体数量及其分布等物
理、化学性状进行快速、准确的表征。由于脂质纳米药物具有高度的异质性，唯
有在单颗粒水平对纳米药物进行快速地逐一分析，方可揭示因集权平均而被掩盖
的个体差异，获得具有统计代表意义的性状分布特征。然而，脂质纳米颗粒粒径
微小、结构脆弱，使得在单颗粒水平对其进行多参数定量检测极具挑战性。虽然
冷冻透射电镜（cryo-TEM）能够最大程度地维持脂质纳米药物的原貌，清晰地揭
示纳米颗粒的粒径及微观结构，但是存在样品制备繁琐、试样固定时纳米颗粒易
团聚、测量速度慢、仪器设备极其昂贵等缺陷。而现有的其他商品化单颗粒表征
技术在灵敏度、分辨率、分析速度或多参数表征等方面尚难以满足脂质纳米药物
的表征需求。因此，发展一种快速、灵敏、高通量的单颗粒水平定量表征技术对
于脂质纳米药物的研发和应用至关重要。
流式细胞仪是一种对悬液中的细胞或细胞大小的颗粒进行快速分析或分选
的单细胞检测技术，具有快速、多参数、定量检测等优点。然而，传统流式细
胞仪由于检测灵敏度的限制，只能检测到粒径大于500 nm 或荧光亮度大于200
个荧光素分子的信号。而纳米药物载体颗粒的粒径一般小于200 nm，且折射率
低，使得传统流式细胞仪在脂质纳米药物的检测方面难以发挥作用。结合瑞利
散射和鞘流单分子荧光检测技术，我们课题组发展了超高灵敏流式检测技术
（high sensitivity flow cytometry， HSFCM），在国际上首次实现了发光能力
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单分子荧光的单个纳米颗粒散射光信号的直接检测，将二氧化硅纳米颗粒和纳
米金的散射光检出下限分别推进到24 nm 和7 nm，荧光信号检测限达到3 个
Alexa Fluor 555 荧光分子，灵敏度比传统流式细胞仪提升了3-5 个数量级。
HSFCM 通过对单个纳米颗粒散射光强度的直接检测实现颗粒粒径的高分辨表
征，每分钟检测速率高达10000 个颗粒，仅需数分钟即可获得透射电镜需要数
小时才能得到测试结果。此外，通过对颗粒的荧光信号进行同时检测，可实现
单个纳米颗粒生物化学性状的多参数定量表征以及各参数之间的相关性分析。
基于HSFCM 优异的分辨率、灵敏度、检测速度及多参数表征的能力，本论
文建立了一种在单颗粒水平对多种脂质纳米药物进行快速分析的方法，实现了脂
质纳米药物粒径、颗粒浓度、载药量、包封率、表面配体数量及密度的多参数定
量表征，为脂质纳米药物的合成优化、质量控制和临床应用提供一种快速、高效、
实用的表征方法。本论文主要包括以下几方面内容：
第一章为文献综述。简要介绍纳米药物的研究背景和国际上常用的脂质纳米
药物单颗粒表征技术，以及本论文的选题思路和研究内容。
第二章为基于散射光检测的脂质纳米药物粒径表征。通过HSFCM 卓越的灵
敏度实现了对阿霉素脂质体散射光信号的测定，并以二氧化硅纳米颗粒作为标准
球将散射光强度转换为对应的粒径分布。另外，通过讨论颗粒折射率对粒径表征
结果的影响，我们还提出了通过瑞利散射定律对二氧化硅标准球散射光强度进行
校正以提高粒径测定结果的准确性。最后，为了实现标准品和待测样折射率的完
全匹配，我们制备了四个不同大小的阿霉素脂质体并通过冷冻透射电镜表征其准
确粒径，以之作为标准品用于对其他阿霉素脂质体样品粒径的精确测定。
第三章为基于散射光和荧光检测的脂质纳米药物多参数表征。通过HSFCM
的散射光和荧光双参数同时检测能力，实现对了阿霉素脂质体内微弱自发荧光的
测定，并据此实现了阿霉素脂质体载药比率、血清稳定性和颗粒浓度的定量表征。
此外，分别通过荧光二氧化硅标准球和阿霉素脂质体标准品建立荧光强度与阿霉
素含量之间的关系，实现了脂质体载药量的测定。最后，我们根据建立的方法实
现了对商品化阿霉素脂质体Doxoves 和gDoxil 以及临床II 期基因纳米药物
siRNA 脂质纳米粒的多参数定量表征。
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第四章为靶向型脂质体的制备与表征。首先以叶酸脂质体作为模型建立了脂
质体表面配体密度的定量表征方法，并以此考察脂质体与细胞结合的最佳配体密
度。此外，还分析了不同制备方法及PEG 层厚度对表面配体密度及其分布异质
性的影响。最后，还将该方法应用于表征以转铁蛋白和单克隆抗体作为靶向基元
的脂质纳米颗粒的表面配体含量，并建立了评估有效配体在脂质体表面总蛋白含
量中所占比例的实验方法。
第五章为总结与展望。总结本论文的研究内容，并对今后研究工作进行展望。
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Abstract
         
         
The growing interest in the biomedical application of nanomedicine is largely
attributable to its unique and appealing features in targeted delivery, controlled
release
and improved bioavailability. Currently, nanomedicines can be broadly divided
into the
following categories: lipid nanoparticles, polymeric nanoparticles, inorganic
nanoparticles and virus nanoparticles. Among them, lipid based nanomedicine
such as
liposomes, solid lipid nanoparticles, lipid micelles and extracellular vesicles, which
are
characterized by high biological compatibility and substantial drug-loading
capability,
are considered the most successful drug delivery systems known to date.
To achieve sufficient quality control and highly-efficient drug delivery, properties
such as particle size and size distribution, particle concentration, drug content,
fraction
of drug encapsulation and surface ligand density must be precisely characterized.
Because of the complexity and the large intrinsic heterogeneity of lipid
nanomedicines
in particle size and composition, rapid and rigorous characterization at the
singleparticle
level is of fundamental importance to reveal the individual difference that
would be otherwise averaged out in ensemble measurements. However, it is very
challenging to achieve multiparameter and quantitative analysis of lipid
nanomedicines
at the single particle level on account of their small sizes and poor structure
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stability.
Whereas cryo-TEM can provide valuable size and morphology information with
maximum structure preservation of lipid nanomedicines, its routine application is
prevented due to the poor accessibility, low throughout and the time-consuming
sample
preparation. Other commercialized single-particle techniques also fall short in
fulfilling
the requirement for nanomedicine characterization owing to the limited sensitivity
and
resolution or the lack of multiparameter analysis ability. Thus, it is of vital
importance
to develop a rapid, sensitive and high-throughput quantitative characterization
method
at the single particle level for the analysis and development of lipid
nanomedicines.
Flow cytometry is a single particle detection technique for rapid, multiparameter
and quantitative analysis and sorting of individual cells or cell-size particles in
suspension. Due to the limitation of sensitivity, conventional flow cytometer can
only
be applied to the analysis of particles with large size or strong fluorescence.
However,
it is extremely difficult for conventional flow cytometer to achieve multiparameter
analysis of drug-loading lipid nanoparticles smaller than 200 nm. Integrating light
scattering with strategies for single-molecule fluorescence detection in a sheathed
flow,
our laboratory have developed high sensitivity flow cytometry (HSFCM) that
enables
light-scattering detection of single nanoparticles with light-producing power below
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the
level of single fluorescent molecules for the first time. The light-scattering based
size
detection limits for single nanoparticles are 24 nm and 7 nm in diameter for silica
and
gold nanoparticles, respectively. And the fluorescence detection limit is three
fluorescent molecules of alexa fluor 555. By offering high-resolution analysis of
single
nanoparticles in liquid suspensions at a throughput of up to 10 000 particles per
minute,
HSFCM can reveal the size distribution in minutes which would take hours for
cryo-
TEM to accomplish. Moreover, through fluorescence detection, the multiple
biochemical properties of single particles and their correlation can be
quantitatively
characterized.
Taking advantage of the superior resolution, sensitivity, detection speed and the
capability of multi-parameter analysis of HSFCM, we develop a rapid
characterization
method for lipid nanomedicines in this dissertation, which allows the absolute
quantification of particle size, drug content, fraction of drug encapsulation, particle
concentration and the surface ligand density of liposomal nanomedicines at the
singleparticle
level. This novel method aims to meet the characterization challenge of lipid
nanomedicine and to promote its development. This dissertation consists of the
following sections:
In chapter one, the research background of nanomedicine and the single particle
detection techniques for nanomedicine analysis are briefly introduced.
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Chapter two introduces the side scattering based size measurement of lipid
nanomedicines by HSFCM. Using silica nanoparticles with various size as the
standards, we successfully characterized the size distribution of doxorubicin-
loaded liposomes. Furthermore, we discuss the influence of the particle refractive
index on the
light-scattering based detection of liposomal nanoparticles. We propose that a
calibration of scattering intensity should be applied via Rayleigh scattering theory
when
sizing nanoparticles with refractive index different from the standards. At last, to
achieve a perfect match of particle refractive index, we developed a strategy by
using
well prepared and size characterized doxorubicin-loaded liposomes as standards
for the
measurement of commercial nanomedicine products.
Chapter three presents the side scattering and fluorescence dual-parameter
detection of lipid nanomedicines. By means of that, drug encapsulation fraction,
serum
stability and particle concentration of doxorubicin encapsulated liposomes could
be
characterized. Furthermore, by using fluorescent silica nanoparticles with various
molecules of equivalent soluble fluorochrome (MESF) or the well-prepared
doxorubicin-loaded liposomes as standards respectively, we revealed the drug
content
distribution of doxorubicin-loaded liposomes. Applications of this analysis method
for
the multiparameter characterization of commercial doxorubicin-loaded liposomes
(Doxoves and gDoxil) and siRNA encapsulated lipid nanoparticles were also
demonstrated.
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Chapter four describes the preparation and multiparameter characterization of
targeted liposomes. Firstly, using folate coupled liposomes as a model, we
develop a
quantitative characterization method for the surface ligand density and studied its
biological impact on the cell binding ability of liposomes. Besides, the influence of
preparation methods and PEG length on the ligand density distribution and
heterogeneity is also elucidated. Finally, the method is applied to the transferrin or
antibody coupled liposomes, and a novel evaluation method for the proportion of
available ligand number in total protein content is established.
In chapter five, the work of this thesis is summarized and the future prospect in
single lipid nanoparticle analysis is discussed.
         
Keywords: high-sensitivity flow cytometry; single particle; nanomedicine; liposome;
multiparameter characterization
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